Objective: To develop a multivariate prediction model for in-hospital mortality following aortic valve replacement. Methods: Retrospective analysis of prospectively collected data on 4550 consecutive patients undergoing aortic valve replacement between 1 April 1997 and 31 March 2004 at four hospitals. A multivariate logistic regression analysis was undertaken, using the forward stepwise technique, to identify independent risk factors for in-hospital mortality. The area under the receiver operating characteristic (ROC) curve was calculated to assess the performance of the model. The statistical model was internally validated using the technique of bootstrap resampling, which involved creating 100 random samples, with replacement, of 70% of the entire dataset. We developed a contemporaneous multivariate prediction model for inhospital mortality following aortic valve replacement. This tool can be used in day-to-day practice to calculate patient-specific risk by the logistic equation or a simple scoring system with an equivalent predicted risk. #
Introduction
After isolated coronary artery bypass grafting, aortic valve replacement is the second most common cardiac operation performed in the United Kingdom. In order to have a reasonable expectation of the true risk of the procedure, accurate risk prediction for such a common procedure is essential for both the patient and the surgeon. The expected risks, once a risk prediction tool is validated, can also be used as a performance measure by comparing it with the observed results.
There are various established and well validated risk prediction tools which are used predominantly for predicting risk for coronary artery bypass grafting, including the Parsonnet Score, additive EuroSCORE, the logistic EuroSCORE and others [1] [2] [3] [4] . Even though there are some reports of the EuroSCORE predicting outcome after combined valve and coronary bypass surgery [5] , there are other studies which have shown that there are limitations to the ability of the EuroSCORE to accurately predict outcomes after valve or combined operations [6] [7] [8] . Internationally, the evidence is highly suggestive that additive EuroSCORE performance generally over-estimates mortality at lower EuroSCOREs (EuroSCORE 6) and under-estimates mortality at higher EuroSCOREs (EuroSCORE > 13) [9] . In our own patient population in the north west of England, it was found that the logistic EuroSCORE overestimated risk in the patients undergoing valve surgery with or without coronary artery bypass grafting. In addition the logistic EuroSCORE significantly over-estimates mortality in the high risk patients (additive EuroSCORE > 5) [8] .
We therefore aimed to develop and validate a multivariate prediction model for in-hospital mortality following aortic valve surgery in a multi-centre UK setting to establish a contemporaneous tool for risk-adjustment.
Methods

Patient population and data
The North West Quality Improvement Programme in Cardiac Interventions (NWQIP) is a regional consortium involving all four centres (Blackpool Victoria Hospital, Blackpool; The Cardiothoracic Centre, Liverpool; Manchester Royal Infirmary, Manchester; South Manchester University Hospital, Manchester) performing adult cardiac surgery and percutaneous coronary interventions in the north west of England. The aim of the group is to continuously improve the quality of care for patients receiving cardiac interventions using a regionally based systems approach.
Data was collected on a total of 4550 consecutive patients undergoing aortic valve replacement between 1 April 2001 and 31 March 2004 in the north west of England. Aortic valve replacement with concomitant coronary artery bypass grafting (CABG) was included in the study. Patients undergoing aortic valve replacement that was combined with other valve repair or replacement, resection of a ventricular aneurysm, surgery on the thoracic aorta, or other surgical procedure were excluded.
Data collection methods and definitions are available from http://www.nwheartaudit.nhs.uk and have been previously published [10] . In brief, each operation had a dataset collected which included demographics, heart disease severity, acuity, co-morbidity, procedural details and outcome. Validation of data was conducted in each centre, which involved checking each record for completeness and flagging back to the relevant surgical team any erroneous data. All records entered onto the databases were also crosschecked against finance activity lists and theatre books to ensure capture of all cases. Data was collected in each hospital and returned to a central source for analysis on a 6-monthly basis. Data would be returned to the providing hospital if data completeness did not achieve a rate of 98% or above. Any missing risk factor data after acceptance into the central registry was treated as absent and this occurred in less than 2%. Patient characteristics collected are listed in Table 1 New York Heart Association class IV was defined as cardiac disease resulting in an inability to conduct any physical activity without discomfort. Symptoms of cardiac failure may be present even at rest. If any physical activity is undertaken discomfort is increased. Hypertension was defined as a history of blood pressure > 140/90 mmHg or lower if treated. Atrial fibrillation was defined as the occurrence of chronic or paroxysmal atrial fibrillation on admission or prior to surgery. Non-elective surgery was defined as patients who have not been scheduled for routine admission and require urgent or emergency surgery during the current admission for medical reasons. Such patients are unable to be sent home prior to receiving surgery and may require treatment within 24 h of the admission or even cardiopulmonary resuscitation on route to theatre. Cardiogenic shock was defined as hypoperfusion with a systolic blood pressure < 80 mmHg and central filling pressure > 20 mmHg without inotropes or a cardiac index < 1.8 l/ min m 2 or inotropes + IABP required to maintain CI > 1.8 l/ min m 2 . The outcome for the study was in-hospital mortality, defined as death within the same hospital admission regardless of cause.
Statistical analysis
Continuous data are shown as median values with 25th and 75th percentiles. Categorical variables are shown as a percentage and comparisons were made with Chi-square tests as appropriate. Standard statistical tests were used to calculate odds ratios and 95% confidence intervals. A multivariate logistic regression analysis was undertaken, using the forward stepwise technique, to identify independent risk factors for in-hospital mortality [11] . Candidate variables with a p-value less than 0.1 were entered into the model. The area under the receiver operating characteristic (ROC) curve [12] and the Hosmer-Lemeshow goodness-of-fit statistic [11] were calculated to assess the performance and calibration of the model, respectively. The relative contribution of each variable to the prediction of in-hospital mortality was calculated.
The statistical model was internally validated using the technique of bootstrap resampling [13] . This technique is efficient and provides nearly unbiased estimates of the predictive accuracy of the model [14] . We developed the multivariate model on the entire dataset, then, 100 samples of 70% were drawn at random with replacement. The ROC curve was calculated for each sample. This allowed the calculation of the standard deviation of the mean ROC statistic. External validation of the model was carried out on 816 consecutive aortic valve replacement cases from the north west of England covering the time period 1 April 2004 to 31 March 2005. Logistic EuroSCORE was also calculated for each patient to assess its ability to predict accurately the risk of death following aortic valve replacement surgery compared to our own contemporary local model.
A simplified clinical risk assessment tool was developed from the multivariate risk prediction model and was scored by rounding the adjusted odds ratio for each variable to the nearest 0.5. These weights were then summed. The relationship between this clinical risk score and the probability calculated from the risk prediction model was read from a graph. This clinical risk assessment tool therefore approximates the risk that would have been calculated from the risk prediction model.
In all cases a p-value < 0.05 was considered significant. All statistical analysis was performed with SAS for Windows Version 8.2.
Results
Outcomes and patient data
Of the 4550 patients who underwent aortic valve replacement in the north west of England, 207 (4.6%) inhospital deaths were recorded. The in-hospital mortality rate varied between hospitals from 4.0% to 6.1% ( p = 0.15).
The patient characteristics are reported in Table 1 . The majority of patients were male (63.1%) and the median age of the cohort was 69 (25th and 75th percentiles: 61-75) years. Concomitant CABG occurred in 41.5% of cases. Table 1 shows the univariate association with in-hospital mortality. Significant patient characteristics included increasing age, female gender, angina and New York Heart Association class, renal dysfunction, peripheral vascular disease, respiratory disease, hypertension, atrial fibrillation, poor ejection fraction, previous cardiac surgery, non-elective surgery, cardiogenic shock and concomitant CABG. 
Univariate association with in-hospital mortality
Independent risk factors for in-hospital mortality
The independent risk factors for in-hospital mortality, along with co-efficients, standard errors, odds ratios, confidence limits, and p-values, are shown in Table 2 . The area under the ROC curve for the multivariate prediction model was 0.78 (Fig. 1) . The predicted risks of individual patients were rank-ordered and divided into 10 groups. Within each group of estimated risk, the number of inhospital deaths predicted was compared with the number of observed in-hospital deaths. The Hosmer-Lemeshow goodness-of-fit statistic across groups of risk was not statistically significant (Fig. 2 , p = 0.73), indicating little departure from a perfect fit. Table 2 shows the logistic regression equation for calculation of predicted risk of in-hospital mortality. When using this equation, the predicted in-hospital mortality rate varied between hospitals from 3.6% to 5.2% ( p < 0.001). For the model, the relative contribution of each variable to the prediction of in-hospital mortality was calculated (Table 3) .
Validation of the model
To examine the ability of the multivariate model to discriminate, the ROC curves of 100 samples (using bootstrapping) were calculated. The area under the 'average' curve was 0.76, with a standard deviation of 0.025, indicating a good ability to discriminate between patients who died and those who did not.
Applying the logistic regression equation to data for 816 consecutive aortic valve replacement cases performed between 1 April 2004 and 31 March 2005 revealed a ROC curve of 0.78. This was similar to previous values, indicating a good discrimination power. The Hosmer-Lemeshow test was not statistically significant with a p-value of 0.15. The expected mortality compared to observed mortality in this validation period was 4.7% versus 4.1%, respectively.
The logistic EuroSCORE had an acceptable ROC curve of 0.78 when applied to the 816 patients within the validation dataset. However, the expected mortality predicted by the logistic EuroSCORE was 8.1% which is almost double that predicted by the locally derived model. The HosmerLemeshow test was also significantly different with a pvalue of 0.005, as the logistic EuroSCORE over-predicted risk in the low-to medium-risk groups. 
Simplified model
A simplified clinical risk assessment tool derived from the logistic regression equation, described at the bottom of Table 2 , is shown in Fig. 3 . Using the logistic equation, a 77 years old, with renal dysfunction, ejection fraction < 30%, and concomitant CABG would have a 23.3% risk of in-hospital mortality. However, using the simplified model in Fig. 3 , the same patient would have an in-hospital death score of 10.5, which approximates to around a 20% risk of in-hospital mortality.
Any patients with an in-hospital death score of 19 or greater would have an approximate risk of death of 80% or more. No such patients had operations for aortic valve replacement in the north west of England during the study time period.
Discussion
In this study, we developed and validated a multivariate preoperative risk prediction model for in-hospital mortality following aortic valve replacement. The variables included were guided by previously published studies reporting risk factors for patients undergoing heart valve operations [15] [16] [17] [18] , and our own clinical experience and judgement. The prediction model uses 10 readily available preoperative patient and disease characteristics assigning an independent weight to each to provide quantitative information about risk. The prediction model demonstrated relatively strong discriminatory ability (area under ROC curve = 0.78), with no significant deviation from perfect fit. This prediction model, which makes use of routinely available preoperative data, can serve the clinician and the patient by providing a simple method to assess accurately the risk.
The logistic EuroSCORE is an internationally recognized risk prediction model for mortality following cardiac surgery. However, growing evidence shows that the logistic Euro-SCORE is becoming outdated [8] . Although relatively new to many cardiac surgeons with it being introduced in a publication by Roques and colleagues in 2003 [3] , the logistic EuroSCORE was actually based on patients operated between September and November 1995 and was originally released as a simple additive score for easy use. Our results clearly show that although the ROC curve is good at 0.78, the model overpredicts mortality by almost two times that observed in our aortic valve replacement cohort. This could of course be because, as a region, the north west of England is exceptional at aortic valve replacement, however as our mortality rates are similar to the national average of 5% this is unlikely to be the case [Fifth National Adult Cardiac Database Report-The Society of Cardiothoracic Surgeons of Great Britain and Ireland: http://www.ctsnet.org/file/5thBlueBook2003.pdf]. The more likely reason for the over-prediction in mortality is that the logistic EuroSCORE is calibrated to predict a mortality rate from the mid-1990s and not contemporary practice were the mortality results observed have been significantly reduced. The risk model contained within this article is contemporary and therefore predicts more accurately the risk of mortality for patients currently undergoing aortic valve surgery.
There are previously published studies which have developed preoperative risk prediction models for heart valve operations [19] [20] [21] [22] [23] . The majority of them are based on different patient populations in the United States of America [19] [20] [21] [22] . We could find one risk prediction model for heart valve surgery in a UK population, based on the database of the Society of Cardiothoracic Surgeons of Great Britain and Ireland (SCTS) [23] . This study included a final study sample of 32,839 patients after excluding 9213 patients for reasons of missing data. Even though this study included a very large number of patients in the analysis, exclusion of a significant number of patients from the initial data set may bias the results if the excluded patients are not representative of the ones included in the data analysis. The best way of producing reliable conclusions from retrospective analysis of data is to include consecutive patients in the data analysis, and make the best attempt to have the data complete for all patients. In our study, the data were complete in greater than 98% of patients. No patients were excluded from the initial data set, and any missing risk factor data after acceptance into the central registry was treated as absent and this occurred in less than 2%. This approach has been used previously in other studies [24] . In addition the accuracy of our data was fully validated. These factors add to the robustness of the data, and hence its analysis and the accuracy of risk prediction.
The mortality risk prediction model for valve surgery developed by the Northern New England Cardiovascular Disease Study Group (NNECDSG) [21] developed a mortality risk prediction tool for aortic and mitral valve surgery. Their data set included 5793 consecutive patients undergoing aortic valve replacement between 1991 and 2001. Registry data was quite complete, however serum creatinine, which was one of 11 independent risk factors for mortality, had 20% missing values and the technique of non-informative missing value imputation was used to rectify this [14] . In comparison, our data is more complete and the time period when the operations were performed (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) ) is more contemporaneous. The independent predictors in their study included body surface area and previous stroke, and these were not found to be significant in our risk prediction model even though another measure of body habitus, body mass index, and cerebrovascular disease were included in the univariate analysis. Left ventricular ejection fraction < 30% and hypertension were independent predictors in our model, while this was not the case in the NNECDSG prediction tool. In addition the NNECDSG developed a separate model for mitral valve replacement.
Providence Health System Cardiovascular Study Group (PHS) [22] validated the NNECDSG model on their own data set of 3324 patients who underwent aortic valve replacement between 1997 and 2004. In addition they modified the NNECDSG model by using additional risk factors used in other heart valve risk models and developed their own single risk model for both aortic and mitral valve replacement. However, in this study, of the total of 6578 patients who underwent heart valve surgery, only 4920 cases met with the NNECDSG criteria, and the rest were excluded from the data set. This again could bias the results of the analysis since consecutive patients were not included in the dataset.
Even though the use of a simplified model converting additive points into approximate risk as shown is Fig. 3 is very convenient and user friendly, the use of the logistic equation is more reliable and accurate, and is the recommended method of using our risk prediction tool. With the use of hand held computers and modern day technology, the logistic equation can be keyed into any electronic spreadsheet, therefore making additive models redundant. However, we have included a simplified model if one prefers to use it as a rough guide during clinical consultation, giving a fairly close estimate of the predicted risk to the patient during the consenting process.
There are limitations with this model which need to be considered. The model includes only the preoperative variables available on our dataset, and there may other variables that could potentially affect outcomes, but which are not routinely collected. The model does not take into account intraoperative variables such as surgical technique, myocardial protection, and other individual surgeon practices. In addition, some of the data defining preoperative cardiac function is quite crude, and includes only left ventricular ejection fraction, which is very observer dependent. More sophisticated parameters such as left ventricular end systolic and end diastolic dimensions, left ventricular wall thickness and right heart pressures are not routinely measured in all patients, and these may have a significant impact on postoperative outcomes. In addition, although the data used to develop the model has been subjected to local validation and has the confidence of clinicians, the performance of the model in predicting in-hospital mortality in aortic valve replacement patients outside of the north west of England is still to be tested and a process of external validation is necessary to check the validity of the model across other geographical areas.
In conclusion, we have developed a contemporaneous multivariate prediction model for in-hospital mortality following aortic valve replacement. This tool can be used in day-to-day practice to calculate patient-specific risk by the logistic equation or a simple scoring system with an equivalent predicted risk. This tool may also be useful for risk adjusting hospital and operator mortality figures, allowing for appropriate comparisons of in-hospital mortality following AVR surgery.
